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t NTRODUCTION 
In the development of the NASA Redox Energy Storage 
System, the electrical storage efficiency has been low 
due to the complex chemical reaction of the chromium I1 
and 111 species. This paper describes several studies 
dealing with the processes occurring at the catalyzed 
carbon electrode during the charging and discharging of the 
system. 
The Redox Energy Storage System is an electrochemical 
device that employs the oxidation and reduction of two 
soluble redox couples for charging and discharging. In a 
Redox flow cell there are two active electrolyte solutions 
separated by a highly selective ion exchange membrane 
(fig. 1 ( 1 )  Each electrode consists of porous carbon felt, 
a few millimeters in width. On the chromium side, the 
carbon felt is catalyzed by trace amounts of gold and lead 
because the rate of reduction of Cr(I1I) to Cr(1I) is slow 
on most surfaces ( 4 , 5 ,  and 7). This catalyst also improves 
the cell di'scharge rate. On the iron side no catalyst is 
needed (1). 
In the aqueous chromic chloride, the comrAex ions, 
+ 
c ~ ( H ~ o ) ~ c ~ + ~  and Cr(H20)4C12 , exist in equilibrium with 
+3 
Cr(H20)6 (3). Depending on whether the cell is being 
charged or discharged, thers are distinctive differences 
observed at the same state of charge in the chrorium solu- 
tions (9). In fig. 2 the complete charge cycle is observed 
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using open-circuit voltage behavior. Above 50 percent 
state-of-charge, the charging rate decreases considerably. 
Cr ( H20 )6 +3 and have been identified as 
the predominant Cr(II1) species present in the acidified 
CrC13 solutions of the NASA Redox System and are shown in 
figure 3 (1,6 and 8). The reactions occurring at the 
catalyzed carbon felt electrode during charge-discharge 
cycles have been followed spectrophotometrically and 
potentimetrically (1). Figure 4 is a typical spectrum 
and figure 5 shows the emf data plotted versus the ratios 
of Cr(1I) to Cr(II1) calculated from the spectra using 
Beer's Law. 
The concentration of c~(H~o) j~1*2 is found to decrease 
much more rapidly with the increasing state-of-charge 
than does the concentrat ion of C ~ ( H ~ O ) ~ + ~ ,  indicating that 
c ~ ( B ~ o ) ~ c ~ + ~  is predominant lg reduced during t be charging 
cycle (1). There is a rapid rise in Cr(H 0 )  ~ 1 ' ~  concentra- 2 5 
tion, and a slow rise in the concentration of Cr(II 0 )  +3 2 6 '  
as discharge takes place. Electrode potential data also 
indicates that Cr(H o ) ~ c ~ + ~  is the primary clectroact ive 2 
species. This can be explained as the reduction of 
Cr(H 0) ~ 1 ' ~  via an inner-sphere chloride-bridged electrode 2 5 
reaction and the oxidation of Cr(H 0) ~1' via an inner- 2 5 
sphere chloride-bridged electrode reaction shown in fig. 7 
(1). There is also a slowly attained equilibrium between 
Cr( 5 0  )6 +3 and ~r ( 1i20 ) 5~ 1+2. 
-- -- 
The spectra was analyzed using a DuPont 
resolver and the visible spectra of the complex ions 
present in the solution which are shown in figure 6 (1). 
The Frank-Condon principle, which states that the 
motions of heavy atoms are negligibly slow with respect tc 
the rapid motions of electrons dictates that the atomic 
geometry of c ~ ( H ~ o ) ~ c ~ * ~  during reduction should remain 
the same as well as the Cr(I1) species during oxidation (4). 
The reaction pat.hway determined at a dropping mercury 
electrode and a catalyzed carbon electrode found the com- 
plexes C~(H~O) j~l+2 and Cr(H20)6 +3 to be involved in the 
oxidation and reduction reactions (I). The electrode 
potential data shows that C ~ ( H ~ O ) ~ C ~ * ~  and ~ r + ~  obey the 
Nernst equation in the discharge mode and in the charge 
mode. c ~ ( H ~ o ) ~ c ~ + ~  and C ( H ~ O ) ~ C ~ +  appear to be the electro- 
a c t i v e  species. This activity can be explaine~ by the 
unique atomic structure (octahedral) as well as the high 
activity of the chloride ion. The chloride ion forms a 
bridged inner-sphere pathway which is'much more active 
than t h e  A20 pathway on the C ~ ( H ~ O ) ~ + ~  ( 7 ) .  The ligands 
in the reactant's primary coordination sphere penetrate 
the layer of solve~r t molecules and ions spcci f ically 
coordinated to the electrode surface. Thus, the crystal 
field that stabilized the octahedral ~ r ( 8 ~ 0 )  j ~ 1 c 2  is 
overcome. Reduction can now occur in the charge mode 
. . 
because the energy of activation Is lowered. 
The goal of this research was to analyze the visible 
spectra of acidified chromic chloride solutions using 
curve resolving techniques previously developed, to develop 
new computer techniques to analyze the spectra, and compare 
the resolts of the two methods. This comparison will be 
helpful in assessing the validity of using curve resolving 
techniques in previous studies and in carrying out future 
studies on the temperature dependence of chromium (111) 
complex concentrations. 
EXPERIMENTAL PROCEDURES AND CALCULATIONS 
Solutions of 1M CrC13 in 1N HCl and Ill CrC13 in 
2N HC1 were placed in 2sQc, 4 3 ° ~ ,  5 5 O ~ ,  and 69. ~ O C  water 
baths and the spectra recorded af t+er 2, 4, 6, and 25 
hours to detect any equilibrium changes in solution ( 3 ) .  
Two samples were used, one lOml and the other 25ml. 
Analysis of the spectral data (figures 8-14) were 
first curved out with the Dupont 310 curve resolver. To 
resolve overlapping peaks, the instrument generates a 
series of component peaks and synthesizes a sum curve match- 
ing the original data. The resolver generates, on each 
of its function channels, peak shapes corresponding to 
many distributions. Since the visible spectrophotometer 
gives Guassian curve functions, the 310's individual peak 
parameters of height, w i c l t . l ~ ,  and horizontal position are 
independently varied to f i t  lhis distributzon, The data 
obtained from t h e  s )~ t~c~ . rc~p l~c~ t i )n~e ter  arc ~ l i s p l a y ~ d  in some 
t y p e  of X-Y readout  w i t h  t h e  peak overlap occurring on the 
X-axis. For example, the Guassirn f u n c t i o n  is illustrated 
i n  t h e  figure below w i t h  important parameters shown; 
r7h WIDTH AT HALF HEIGHT 
TYPICAL DISTRIBUTION FUNCTION 
The analog computer in the 310 adds the individual 
distribution functions together algebraically, and compares 
t h e  resnlting e n v e l o p e  with the actual  experimental data .  
When resolving overlapping curve envelopes i n t o  their 
individual component curves, the 310 comes to within 
I percent  (DuPon t 310 Curve  Hc:io lver itanunl , 1968 1. 
The. c:xper irnt?nttble i i  Ls e;~::ll cut'vo to h i h  isfitct ion 
b y  varying each paruttic? t.e.r independen t 1 y . T h i s  ct iu be 
achieved by viewing each component on the screen individually 1 i 
and making appropriate adjustments. When every component 
is combined on the screen, the readout should fit the 
total curve envelope. 
When resolving each curve, data previously obtained I 
from the spectra of the individual components was used. I 
The maxima of the absorption of c ~ ( H ~ o ) ~ c ~ + ~  are 605 and 
430, and Cr(H20)6 +3 are 575 and 407. The molar absorptivity 
ratios of C ~ ( H ~ O ) ~ C ~ + ~  and the C ~ ( H ~ O ) ~ + ~  are 0.824 liter 
mo1"cm" and 0.863 liter mol -1 cm -1 respectively. Thus, 
the peaks were positioned and the heights determined 
according to the ratio of the molar absorptivities. 
Figures 8-14 show the spectra resolved into the Cr(H20)6 +3 
and c ~ ( H ~ o ) ~ c ~ + ~  peaks. 
The calculation of the concentrations of the complexes 
utilize Beer's Law: 
A = abc or c = A/ab 
A = absorbance 
a = molar absorptivity (lifer rn~l-~crn-~) 
b = width of sample cell (cm) 
c = concentration of sample (mol liter-') 
The molar absorptivities of the individual species 
were calculated at arbitrary wavelengths from the spectra 
of +3 and c ~ ( H ~ o ) ~ c ~ + ~ .  The complex ions were 
prepared according to a procedure by Angelici and chromium 
WIWAC PAGE 
OF POOR QUALrn 
concent rat ions .determined by alkaline peroxide- oxTdit ion 
to chromate (9). 
A computer program was developed to calculate the 
concentrations of the chromium (111) complexes from cal- 
culated molar absorptivities and is given in table l. 
Absorbance values were obtained from the acidified chromium 
(111) solutions spectra. Using Beer's Law each set of 
data is compared against the other, giving a total of 45 
possible combinations. These simultaneous equations are 
used to solve for the concentrations: 
A1 = absorbance at first wavelength 
A2 = absorbance at second wavelength 
= molar absorptivity at first wavelength of Cr(H20)6 +3 
a = molar absorptivity at first wavelength of Cr(H20)5C1 +2 1P 
a = molar absorptivity at second wavelength of C ~ ( H ~ O ) ~ C ~ + ~  i 2P i 
a = molar absorptivity at second wavelength of Cr(H 0 )  +3 2H 2 6 
i 
bl = bg = cell width used I  
+3 c = c,oncet~tration of Cr(H 0) H i 2 (5 ! 
c = concentration of Cr(M,O) C1 +2 P - 5 
To avoid extremely erroneous values, a retaining sub- 
program was added. After the 45 concentration values are 
averaged, the sub-program is activated. Values greater than 
the average by an arbitrarily chosen retaining percentage 
are expelled. The final concentration value is then cal- 
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culated from this new set of data. 
To ensure the reliability of each of these methods, 
their concentrations must be compared. Since the peaks of 
the spectra relay the most accurate data, we chose these 
as our data points. For example, from spectra b82 we can 
calculate the concentration of each species as follows: 
PENTA COMPLEX; 
First Peak - 
-1 -1 a = 17.8 liter mol cm 
A = 0.897 
b = O.lcm 
Second Peak - 
-1 -1 
a = 21.6 liter mol cm 
A = 1.040 
b = O.lcm 
c = A/ab = 1.040/(21.6 liter/mol-lcm-l)(~. lcm) 
average = 0.4927 mollliter 
Computed value for concentration of c ~ ( H ~ o ) . c ~ + ~  = 0.6207 . 
moljliter 3 
Percent difference = 0.6207-0.4927/0.4927 x 100 = 25.9 percent 
HESA COllPLEX : 
First  Peak - 
-I -1 
a = 13.9 l i t e r  mol cnl 
A = 0 . 5 9 7  
5 = 0. lcm 
-1 -1 
c = h/ab = 0.597/(13.9 liter mol cm )(O.lcm) 
= 0.4295 mol/litc>r 
Wmf'IAL PI(IE g 
Second Peak - Q F ~ ~ ~  
a = 16.1 liter ma1"cm" 
A = 0.706 
b = O.lcm 
-1 -1 
c = A/ab = 0.706/(16.1 liter mol cm )(O.lcm) 
= 0.4385 mol/liter 
Average = 0.4340 mollliter 
Computed value for concentration of Cr(H20)6 +3 = 0.3363 
rnol/liLer 
Percent difference = .4340-0.33631.4340 x 100 = '22.5 percent 
RESULTS AND DISCUSSION 
Results obtained from the computer and curve resolver 
are shown in tables 2 and 3. In table 2,.two sets of data 
are given at different retaining values for each spectrum. 
The differences in concentrations appear to be minimal with 
the exception of spectra #43. In other cases, the number 
of equations used in the computation of concentrations 
remain constant regardless of the retaining value. Spectr~ 
36 and 86 illustrate this behavior. This problem could 
very well be caused by low concentrations of Cr(l120)6 + 3 
On the other hand, the curve resolver appears to have 
given more accurate data. Curve resolve data used in a 
similar study of chromiuln ( I1 I ) complexes agrccs with 
the accepted values ("Spectrophotometric Analysis of 
Aqueous Mixtures of Some Chromium (111) Complexesv, Greg 
Stevens, May, 1983). 
4 
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CONCLUS ION 
Table 4 compares the concentrations of the two methods. 
The discrepancy between these concentrations could have 
resulted from several factions. First of all, the tempera- 
ture equilibrium data itself appears to be unreliable. 
Secondly, the computer analysis is inconsistant in its 
treatment of the data. Thr program may be unable to handle 
low concentrations of either species. Also, the selection 
of analytical wavelengths may have been poor. Consequently, 
it is desirable to chose *:;avelengths where one component 
absorbs strongly and the other weakly, or vice versa (2). 
The sharp slopeof the curve analyzed could have also caused 
some discrepancy by giving inaccurate absorbance and wave- 
length readings. The curve resolver could have also added 
tc this error. Since there are three variables for each 
of the four component curves, the probability that one 
can fit each curve perfectly remains quite low. As a 
result, we find that the computer analysis is not applicable 
to the data available. 
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